The Jahn-Teller effect at Cu 2+ in cuprospinel CuFe 2 O 4 was investigated using high-pressure single-crystal synchrotron X-ray diffraction techniques at beamline BL10A at the Photon Factory, KEK, Japan. Six data sets were collected in the pressure range from ambient to 5.9 GPa at room temperature. Structural refinements based on the data were performed at 0.0, 1.8, 2.7, and 4.6 GPa. The unit-cell volume of cuprospinel decreases continuously from 590.8(6) to 579. . At 4.6 GPa, a cubic-tetragonal phase transition is indicated by a splitting of the a axis of the cubic structure into a smaller a axis and a longer c axis, with unit-cell parameters a = 5.882(1) Å and c = 8.337(1) Å. The tetragonal structure with space group I4 1 /amd was refined to R1 = 0.0332 and wR2 = 0.0703 using 38 observed reflections. At the M site, the two M-O bonds parallel to the c-axis direction of the unit cell are stretched with respect to the four M-O bonds parallel to the a-b plane, which leads to an elongated octahedron along the c-axis. The cubic-to-tetragonal transition induced by the Jahn-Teller effect at Cu 2+ is attributable to this distortion of the CuO 6 octahedron and involves Cu 3d z 2 orbital, ab initio quantum chemical calculations support the observation. At the tetrahedrally coordinated (T) site, on the other hand, the tetrahedral O-T-O bond angle increases from 109.47° to 111.7(7)°, which generates a compressed tetrahedral geometry along the c-axis. As a result of the competing distortions between the elongated octahedron and the compressed tetrahedron, the a unit-cell parameter is shortened with respect to the c unit-cell parameter, giving a c/a′ ratio (a′ = 2 a) slightly greater than unity as referred to cubic lattice (c/a′ = 1.002). The c/a′ value increases to 1.007 with pressure, suggesting further distortions of the elongated octahedron and compressed tetrahedron.
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Keywords: Cuprospinel, CuFe 2 O 4 , high-pressure single-crystal synchrotron X-ray diffraction, Jahn-Teller effect introduction The mineral spinel (MgAl 2 O 4 ) adopts a slightly distorted, close-packed arrangement of oxygen atoms with magnesium and aluminum atoms distributed among the two types of interstitial sites with tetrahedral (T) and octahedral (M) coordination, respectively. In general, the spinel unit cell is composed of 32 oxygen atoms arranged in a cubic close-packed array, which forms 64 T sites and 32 M sites. In the normal spinel, divalent cations (A ) 2 O 4 . The spinel structure is extremely flexible with regard to the variety of cations it can incorporate into both sites, as well as their distribution in the structure. At present, approximately 200 different oxides with the spinel structure have been already reported in the JCPDS-ICDD database (iCDD 2013). In particular, transition metal cations may be accomodated on both the T and M sites without any noticeable structural modification. In the unit cell of the normal spinel (space group Fd3m), the T and M sites are restricted to the 8a ( 1 ⁄8, 1 ⁄8, 1 ⁄8) and 16d ( 1 ⁄2, 1 ⁄2, 1 ⁄2) Wyckoff positions, respectively, while the oxygen ions are located in the Wyckoff position 32e at (u, u, u) . Hence, the spinel structure is completely described by the cubic unit-cell parameter a and the oxygen positional parameter u only (e.g., Lavina et al. 2002) . With u = 1 ⁄4, the oxygen ions are on the perfect cubic closest packing positions, but u generally deviates slightly from this ideal value. If displacement of the oxygen positions occurs, it is always along the [111] direction, which is aligned on the nearest T site. Although the spinel structure is cubic, tetragonal spinelloid phases can occur in some cases as a result of the Jahn-Teller effect imposed by the electronic states of some transition metal cations. Figure 1 shows the relationship between electronic configurations and the Jahn-Teller effect for transition metal cations in the T and M sites. If an orbital energy level is occupied in an asymmetric manner, then an orbitally degenerate state exists for that coordination environment. The Jahn-Teller theorem states that the coordination environment must distort so as to lower the symmetry and remove the degeneracy (Dunitz and Orgel 1957; Ballhausen 1962) . Because the metal-ligand overlaps are strongest for the e g orbitals of an octahedral complex, the JahnTeller effect is much more noticeable for 3d 4 high-spin (HS), 3d 7 low-spin (LS), and 3d 9 electronic configurations, as shown in Figure 1 [e.g., [6] Mn 3+ (HS), [6] Cr 2+ (HS), [6] (Crottaz et al. 1997; Ivanov et al. 2001; Suchomel et al. 2012; Bush et al. 2013) , cupric chromite CuCr 2 O 4 (Crottaz et al. 1997; Dollase and O'Neill 1997; Kennedy and Zhou 2008; Shoemaker and Seshadri 2010; Suchomel et al. 2012) , and copper dirhodium tetraoxide CuRh 2 O 4 (Dollase and O'Neill 1997; Ismunandar et al. 1999) . On the other hand, those with a strong Jahn-Teller distortion at the M site are tetragonally distorted cuprospinel CuFe 2 O 4 (Prince and Treuting 1956; Gabal et al. 2011; Balagurov et al. 2013) , hetaerolite ZnMn 2 O 4 (Åsbrink et al. 1999; Choi et al. 2006) , hausmannite MnMn 2 O 4 (Bosi et al. 2002 (Bosi et al. , 2010 , and iwakiite MnFe 2 O 4 (Matsubara et al. 1979 ). All of the tetragonally distorted spinels resulting from a Jahn-Teller distortion at either the T or M site have space group symmetry I4 1 /amd, except for iwakiite (P4 2 /nnm). These tetragonal spinelloids are of particular interest relative to the temperature effects on spin-orbital interactions as well as the influence of the JahnTeller effect on the crystal symmetry.
Understanding the crystal structures of earth materials under non-ambient conditions is an important step in the effort to correlate geophysical phenomena. The general pressure range of the cubic-tetragonal phase transitions in spinels suggests the possibility that such transformations may occur in the Earth's mantle. For example, chromite FeCr 2 O 4 , which contains the Jahn-Teller active Fe 2+ ion in the T site, adopts the cubic structure at ambient conditions because the weak anisotropy energy of the Fe 2+ with 3d 6 (HS) configuration at the T site is insufficient to induce the Jahn-Teller distortion. Upon compression, the Jahn-Teller effect becomes active and yields a tetrahedral angular distortion, which fiGure 1. The relationship between electronic configurations and the Jahn-Teller effect at transition metal cations in tetrahedral and octahedral coordination. W = weak effect; S = strong effect; 0 = no effect.
induces the cubic-to-tetragonal transition (Kyono et al. 2012 ). This pressure-induced cubic-to-tetragonal phase transition has also been observed in ulvöspinel Fe 2 TiO 4 (Yamanaka et al. 2009; Kyono et al. 2011 (Lin et al. 2011) . Table 1 shows minerals in the spinel oxide group (Fd3m) with Jahn-Teller active cations in their structures. The spinels exhibit a wide compositional variability with extensive solid solution often occurring between two end-members. Because the physical properties of the spinels are sensitively controlled by their chemical compositions, the P-T conditions for their phase transitions are also dictated by composition. All of the spinels with end-member compositions (Table 1) adopt the cubic structure at ambient conditions, but the Jahn-Teller effect is predicted to become active at either high pressure or low temperature resulting in tetragonally distorted structures.
Here, we report a high-pressure single-crystal synchrotron X-ray diffraction study of synthetic cuprospinel, which exhibits a strong Jahn-Teller effect at octahedrally coordinated Cu 2+ in the spinel structure. Depending on the quenching process, only cuprospinel CuFe 2 O 4 can exhibit both the cubic and tetragonally distorted structures under ambient conditions (e.g., Prince and Treuting 1956; Mexmain 1971; Balagurov et al. 2013 ). Therefore, the cuprospinel is an appropriate sample to investigate the nature of Jahn-Teller effect, because the Cu 2+ is both octahedrally and tetrahedrally coordinated by oxygen ions in the spinel structure. The Jahn-Teller distortion is expected to occur at not only lower temperature but also high pressure. In the present study, therefore, the structural features of pressure-induced Jahn-Teller distortion in cuprospinel are described and compared to tetragonally distorted CuFe 2 O 4 at ambient conditions (Balagurov et al. 2013) . In addition, we compare the structural modification in the cuprospinel with those in chromite and ulvöspinel, which contain Jahn-Teller active Fe
2+
. Finally, we discuss the implication of our results in terms of their potential behavior in the Earth's mantle.
experimentAl methods
Pure cuprospinel powder CuFe 2 O 4 was synthesized from a mixture of Fe 2 O 3 and Cu, which was first heated in an open quartz tube with a flowing oxygen gas stream at 1000 °C for 24 h. The powder sample was then taken out of the furnace and sealed under vacuum in a quartz vessel. It was subsequently placed back into the furnace and heated again at 1300 °C for 36 h, resulting in euhedral single crystals with size up to 300 mm. To identify the synthesized crystalline phase the material was ground to a fine powder using a mortar and pestle. Powder XRD data were collected with a Rigaku R-AXIS RAPID diffractometer using MoKa radiation (l = 0.70930 Å). The powder XRD profile was entirely consistent with that of a cubic CuFe 2 O 4 phase (Mexmain 1971) . No impurities were detected in the diffraction pattern.
A single crystal with well-developed faces was selected under a microscope and mounted in epoxy resin. The crystal embedded in the resin was polished with diamond plates and ultrasonically cleaned in ethanol. The sample surface was coated with carbon to improve electrical conductivity. Quantitative chemical analysis was performed using the JEOL JXA-8530F electron probe microanalyzer (EPMA) equipped with a wavelength-dispersive X-ray spectrometer (WDS) operating at 20 kV acceleration voltage, 10 nA beam current, and 10 mm beam diameter. The data were reduced using a ZAF matrix correction program. For the WDS analyses, cuprite (for CuKa) and hematite (for FeKa) were used as standards. The single crystals synthesized in the study were found to be homogeneous within analytical error, with an average chemical composition (13 analyses within the grain) of 20.0(3) wt% CuO, 79.2(1.1) wt% FeO tot , and total 99.2(1.2) wt%. The contents of Fe 2+ and Fe 3+ were calculated by charge balance on a stoichiometric basis. On the basis of a total of four oxygen atoms, the empirical formula of the cuprospinel crystal is Cu After the EPMA measurement, the crystal was further polished carefully to a thickness of 35 mm for high-pressure X-ray diffraction experiments. The single crystal (dimensions of ~80 × 80 × 35 mm) was mounted in a diamond-anvil cell equipped with two Boehler-Almax diamonds and tungsten carbide seats. The culet size of the diamonds was 300 mm. The crystal was placed into a steel gasket hole of 150 mm diameter with a 16:3:1 mixture of methanol-ethanol-water, which remains hydrostatic up to about 9.5 to 10 GPa (Angel et al. 2007) . A ruby chip was also loaded into the sample chamber for pressure calibration using the wavelength shift of the ruby luminescence (Mao et al. 1986 ).
The high-pressure single-crystal synchrotron X-ray diffraction study was carried out using a high-resolution, vertical-type four-circle diffractometer and scintillation counter installed at BL-10A at the Photon Factory, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan. The incident wavelength was selected with a Si(111) crystal and collimated by a 0.3 mm circular pinhole. The wavelength determined by calibration using the unit-cell parameters of the ruby standard (NIST Standard Reference Material no.1990) was 0.71361(2) Å. Unit-cell parameters of the sample were determined by a least-squares refinement of the setting angles of 15-25 centered reflections with 20° < 2q < 30°. A total of 7 high-pressure data collections (P = 0.0, 1.8, 2.7, 3.8, 4.6, 5.9, and 6.8 GPa) were carried out. At a pressure of 6.8 GPa, however, the measurement did not result in acceptable intensity data because some diffuse spots appeared in the data. For crystal structural refinements, intensity data collections were performed at 0.0, 1.8, 2.7, and 4.6 GPa using the j-fixed/w-scan mode, with a scan width of 0.8° in w, and a step interval of 0.01°. Intensity data were integrated by the full-profile fitting program WinIntegrStp (Angel 2003) and corrected for Lorentz and polarization effects. Absorption effects were however neglected in view of the small crystal size. The crystal structures were refined using the SHELXL-97 program suite (Sheldrick 1997) . X-ray reflection intensity data with F o > 4.0s(F o ) were used for all structural refinements, where F o is the structure factor for each observed reflection and s(F o ) is the standard deviation for each F o . At 0.0 GPa, the site-occupancy parameters of the T and M sites were refined based on the results of electron microprobe analysis. The cation distributions of Cu/Fe between the T and M sites suggested that the T site is filled with 90(1)% Fe and 10(1)% Cu, whereas the M site is with 75(1)% Fe and 25 (1) , and 36 H + with 8 positive charges. The orbital surfaces were rendered with the GaussView molecular visualization package (Dennington et al. 2009 ). To further clarify the difference in Jahn-Teller distortions between the M site and the T site, ab initio calculation of electronic structure of chromite FeCr 2 O 4 was also performed in the same manner. Structural models were based on the atomic coordinates at 13.7 GPa as determined by Kyono et al. (2012) .
results
The pressure variation of unit-cell parameters is listed in Table 2 . Details of crystal structure refinements, final atomic coordinates, isotropic thermal parameters, bond distances, and bond angles are given in Table 3 . A CIF is available on deposit 1 . The variations in volume and unit-cell parameters with pressure are shown in Figure 2 . To provide a convenient reference between cubic and tetragonal structures, the volume of the tetragonal lattice is doubled in Figure 2a . The a unitcell parameter in the tetragonal lattice is multiplied by 2 in Figure 2b . At 4.6 GPa, the a lattice parameter of 8.325(5) Å was obtained by least-squares refinement of the observed peak positions. The measured pressure-volume curve of cuprospinel shows a slight discontinuity at this pressure. Miller indices for the cubic F-lattice are therefore reassigned to those corresponding to a tetragonal I-lattice through the transformation matrix ( . The unit-cell parameter of 8.337(4) Å at 3.8 GPa was also recalculated by the Miller indices of the tetragonal I-lattice. However, the obtained unit-cell parameters a = 5.895(1) Å (the pseudo-cubic a-axis length, a′ = 2 a, was 8.337 Å) and c = 8.340(1) Å were approximately equal to the unit-cell parameter of the cubic lattice, 8.337(4) Å, within the standard deviation. Accordingly, it can be concluded that the phase transition from cubic to tetragonal occurs between 3.8 and 4.6 GPa. The pressure-volume data up to 3.8 GPa were fitted using a second-order Birch-Murnaghan equation of state, refining simultaneously the unit-cell volume at room pressure V 0 and the bulk modulus K 0 using the program EOSFIT 5.2 (Angel 2002) . The least-squares fitting yields the zero-pressure volume V 0 = 590.7(1) Å 3 and bulk modulus K 0 = 188(4) GPa with the fixed pressure derivative K′ = 4.0. These values are similar to those calculated for magnetite (Fe , K 0 = 186(5) GPa, and K′ = 4.0 (fixed), which also has both Fe 2+ and Fe 3+ occupying the M site, and Fe 3+ on the T site. The crystal structure of the tetragonal cuprospinel sample at 4.6 GPa with space group I4 1 /amd was refined to R1 = 0.0332, wR2 = 0.0703 using 38 observed X-ray reflections ( . With increasing pressure, the TO 4 and MO 6 polyhedra are isotropically compressed up to 3.8 GPa. At 4.6 GPa, the occurrence of the Jahn-Teller distortion at Cu 2+ leads to distorted tetrahedroa and octahedra. 57 Fe Mössbauer spectroscopic studies show that magnetite undergoes an inversenormal spinel transition, in which Fe 3+ occupying the T site are exchanged with Fe 2+ occupying the M site (Pasternak et al. 2004; Rozenberg et al. 2007 ). Since the inverse-normal spinel transition in magnetite, which is accompanied by volume changes of the TO 4 and MO 6 polyhedra, occurs through an intermediate configuration at least between 8 and 17 GPa, no electron charge transfer between Fe 2+ and Fe 3+ would arise in the cuprospinel, at least at 4.6 GPa. In addition, the Jahn-Teller effect at M Cu 2+ is much stronger than that at T Cu
2+
. Hence, it is suggested that the cubic-to-tetragonal transition is induced by the Jahn-Teller effect at (Fig. 4) . At the T site occupied by 0.90 apfu of Fe 3+ and 0.10 apfu of Cu 2+ , on the other hand, the tetrahedral O-T-O (i) bond angle increases from 109.47° to 111.7(7)°, while the O-T-O angle (ii) decreases to 108.4(3)° (Table 3) . The tetrahedral O-TfiGure 2. Variation of (a) the unit-cell volume and (b) the unit-cell parameters with pressure. The errors are smaller than the symbols used in the figure. Figure 4 . The tetrahedral angular distortion generates a compressed tetrahedral geometry along the c-axis direction as shown in Figure 4 , which illustrates the structural relationship between the elongated MO 6 and the compressed TO 4 in the tetragonally distorted spinel structure. In the spinel structure, each of the four vertices of the tetrahedron is shared with vertices of octahedra aligned parallel to the c-axis direction. The modification of the octahedral geometry along the c-axis direction therefore interacts directly with the compression or elongation of the tetrahedral geometry along the c-axis direction. With the competing distortions between the elongated octahedron and compressed tetrahedron along the c-axis direction, the pseudo-cubic a′ unit-cell parameter is consequently shortened slightly more than the c unit-cell parameter in the cuprospinel. The c/a′ ratio is in fact used widely as a parameter of tetragonal distortion. For the cuprospinel, this distortion leads to a tetragonal elongation with a c/a′ ratio of 1.002, just greater than unity as referred to cubic lattice. With increasing pressure, the c/a′ ratio increases to 1.007 (Table 2 ). The continuous increase of the c/a′ ratio with pressure suggests further variations in the compressed TO 4 and the elongated MO 6 along the c-axis direction. The pressure-induced phase transition exhibits a compressed tetrahedron, similar to that observed in tetragonal CuFe 2 O 4 at 293 K and ambient pressure by Balagurov et al. (2013) . Figure 5 gives the results of the ab initio calculation, showing the electronic orbitals in the distorted coordination environment around Cu 2+ at 4.6 GPa. In tetragonally distorted cuprospinel, the electronic orbitals are much more localized on the octahedral environment of the Cu 2+ than the tetrahedral environment of the Fe 3+ . It is evident that the Jahn-Teller distortion at the M site is caused by the spatial distribution of the 3d z 2 orbitals of Cu
O (i) and O-T-O (ii) angles are shown in

2+
. It is important to mention that there is a strong orbital interaction between the Cu 2+ and O 2-, which has a completely antibonding orbital character. Hence, the elongated octahedral geometry observed by the X-ray diffraction measurement is ascribed to the repulsive interaction between the large positive and negative phases of the wavefunctions of Cu 2+ and O (Balagurov et al. 2013) . With decreasing temperature the c/a′ ratio is steadily increased, and then reaches an extremely high value of 1.060 at 20 °C (Table 4 ). The cuprospinel synthesized in this study exhibits the cubic structure at ambient condition, and has a strong preference for Cu 2+ and Fe 2+ at the M site. Therefore, the cuprospinel used in the present study can be classified as having an inverse cation distribution. Distortions of octahedral and tetrahedral coordination can be quantified using quadratic elongation and angular variance parameters (Robinson et al. 1971) , which are estimated using deviations from the center-to-vertex distance and ideal angles for regular polyhedra, respectively. Upon compression, the Jahn-Teller effect at M Cu
yields an elongated octahedron with two longer bonds with length 2.070(9) Å along the c-axis than the four bonds of length 2.017(4) Å in the ab plane at 4.6 GPa (Table 3) . It is noteworthy to mention that the angular variance parameter s 2 oct at the M site is decreases monotonically with increasing pressure (Table 3) . A similar polyhedral variation is observed in ringwoodite, Fe 2 SiO 4 spinel, and chromite (Kudoh et al. 2007; Nestola et al. 2011; Kyono et al. 2012 ). The tetragonally distorted CuFe 2 O 4 at ambient conditions investigated by Balagurov et al. (2013) shows a strongly elongated octahedron with two longer bonds of length 2.180 Å along the c-axis compared to the four bonds of length 1.990 Å in the a-b plane (Table 4) , which results in a larger quadratic elongation parameter l oct . The angular variance parameter s is, on the other hand, smaller than that of the studied cuprospinel (Table 4) . With increasing pressure or decreasing temperature, therefore, the angular variance of the MO 6 octahedra decreases and the shape of the CuO 6 octahedra approaches to that of a regular octahedron. Because this structural modification causes an increase in electrostatic repulsion between the octahedrally coordinating oxygen ligands and the Cu 3d z 2 orbital pointing along the c-axis, it would consequently promote the Jahn-Teller distortion. The fact that the MO 6 octahedron with a smaller angular variance parameter forms more elongated octahedral geometry along the c-axis provides evidence of electrostatic repulsion between the 3d z 2 orbital of Cu 2+ and the surrounding oxygen ions (Fig. 5) .
The quadratic elongation parameter l tet at the T site remains fairly constant due to the four equal bond distances in the TO 4 tetrahedron, whereas the angular variance parameter s 2 tet rises from 0.00 to 2.91 with the cubic-tetragonal phase transition (Table 3) . On the other hand, approximately no angular variance at the T site is observed in the tetragonally distorted CuFe 2 O 4 (Balagurov et al. 2013 ). This might be ascribed to the smaller amount of the Jahn-Teller active T Cu 2+ (0.060 apfu).
The cubic-to-tetragonal phase transition induced by the Jahn-Teller effect
In chromite and ulvöspinel, the cubic-tetragonal phase transition and the structure modification induced by the Jahn-Teller effect of Fe 2+ has been recently investigated under high pressure and low temperature (Yamanaka et al. 2009; Tsuda et al. 2010; Kyono et al. 2011 Kyono et al. , 2012 . It is useful to compare these results with those mentioned above. Table 4 shows some important structural and polyhedral parameters in cuprospinel, chromite, and ulvöspinel, and their tetragonally distorted structures.
Chromite, ideally FeCr 2 O 4 , has a normal cation distribution which has the T site fully occupied by Fe 2+ with the Jahn-Teller unstable (e) 3 (t 2 ) 3 configuration, and the M site fully occupied by Cr 3+ with the stable (t 2g ) 3 (e g ) 0 configuration (Dunitz and Orgel 1960; Lenaz et al. 2004 ). The cubic-tetragonal phase transition in chromite at either high pressure or low temperature has been observed by X-ray diffraction measurements (Arima et al. 2007; Ohtani et al. 2010; Tsuda et al. 2010; Kyono et al. 2012) . The pressure-induced phase transition yields a tetragonally compressed lattice with c/a′ of 0.992 (Kyono et al. 2012) . The tetrahedral O-T-O (i) bond angle decreases from 109.47° to 106.5(2)°, which generates an elongated tetrahedral geometry along the c-axis direction (Table 4 ). This deformation of the TO 4 tetrahedron is different from that observed in the tetragonally distorted cuprospinel at high pressure. In the MO 6 octahedra, on the other hand, the two M-O bonds parallel to the c-axis are shortened, which leads to a compressed octahedron along the c-axis. The low-temperature phase also shows a tetragonally compressed lattice with c/a′ = 0.985 at 90 K (Tsuda et al. 2010) . As a result of the Jahn-Teller distortion at the FeO 4 tetrahedron, the O-T-O (i) angle increases from 109.47° to 111.8(1)°, which gives a compressed tetrahedral geometry along the c-axis (Table  4) . With the compressed tetrahedral geometry, consequently, the octahedral coordination geometry is forced to elongate along the c-axis direction. As shown in Figure 4 , the competition for the axial elongation and compression of the MO 6 and TO 4 contributes The a lattice parameter of body centered tetragonal lattice is multiplied by √2.
b
As the ratio is larger than 1.000, the geometry of unit-cell lattice, the octahedral coordination, and the tetrahedral coordination is elongated along the c-axis.
c Quadratic elongation parameter, l, and bond angle variance parameter, s 2 , defined by Robinson et al. (1971) .
d Balagurov et al. (2013) .
e Kyono et al. (2012) .
f Tsuda et al. (2010) .
g Yamanaka et al. (2009). to the tetragonal deformation (c/a′) of the lattice. A variation in tetragonal deformation can be therefore characterized by the cooperative nature between elongation and compression of the coordination polyhedra along the c-axis direction. Figure 6 shows the result of ab initio calculations with respect to the electronic orbitals of T Fe 2+ in the tetragonally distorted chromite at 13.7 GPa, and gives the important suggestion that the 3d xy orbital of Fe 2+ is slightly tilted from the a-b plane in the structure. The position of the 3d xy orbital can cause the TO 4 tetrahedron to either elongate or compress along the c-axis direction, depending on the electrostatic repulsion between the 3d xy orbital and the oxygen ions. In general, interacting orbitals on Jahn-Teller active cations in the T site do not overlap effectively with anions compared with the case in the M site, so the interaction in T site is relatively weaker than in the M site (Dunitz and Orgel 1957; Ballhausen 1962) . None of 3d orbitals points to the tetrahedral arrangement of four ligands when the 3d xy , 3d yz , and 3d zx orbitals are parallel to the a-b plane, b-c plane, and a-c plane, respectively. However, the tilt of the 3d xy orbital causes an electrostatic repulsion between the tetrahedrally coordinating oxygen ions and the 3d xy orbital, which is responsible for the Jahn-Teller distortion around the T Fe
2+
. Because no angular distortion occurs at the T site during compression, only contraction of the T-O bond length triggers the electrostatic repulsion between the tetrahedrally coordinated oxygen ligands and the 3d xy orbital of Fe 2+ . Figure 7 illustrates the structural deformation mechanisms caused by the electrostatic repulsion between oxygen ions and the 3d orbitals of Jahn-Teller active cation in the tetragonally distorted spinels. In chromite, with increasing pressure the tetrahedrally coordinated oxygen ions are moved away from the 3d xy orbital by the decreasing O-T-O (i) angle and reduce the repulsion between oxygen ions and the 3d xy orbital (Fig. 7b) . This structural variation leads to the elongated TO 4 tetrahedron and the compressed MO 6 octahedron. With decreasing temperature, on the other hand, the tetrahedrally coordinated oxygen ions are moved away from the 3d xy orbital by increasing the O-T-O (i) angle (Fig. 7c) , which results in the compressed TO 4 and the elongated MO 6 . The different directions in which the oxygen ions move are responsible for the elongated MO 6 in chromite.
All (e g ) 2 configurations, respectively, due to its inverse spinel structure (Bosi et al. 2009) . It is well known that ulvöspinel is transformed from the cubic to tetragonal structure with either increasing pressure or decreasing temperature (e.g., Ishikawa and Syono 1971; Yamanaka et al. 2009 ). At high pressure, the structure transforms to a tetragonally compressed phase with c/a′ = 0.988 (Yamanaka et al. 2009 ). The MO 6 octahedron adopts the compressed geometry with the shorter M-O bonds along the c-axis, whereas the TO 4 tetrahedron adopts the elongated geometry with decreased O-T-O (i) bond angles (Table 4 ). The deformation relationship between the MO 6 and TO 4 is also opposite to that for cuprospinel. At low temperature, the structure changes to a subtly elongated lattice with c/a′ ratio = 1.004 (Table 4 ). All the M-O bond distances in the MO 6 octahedron are essentially identical within experimental uncertainties. The TO 4 tetrahedron adopts a slightly elongated geometry at low temperature. In this case, the Jahn-Teller effect is not clearly observed at low temperature as a result of the low electrostatic repulsion between the oxygen ions and the 3d orbitals of Fe 2+ (Kyono et al. 2012 ). In addition, the fact that half of the M sites in the ulvöspinel are occupied with Fe 2+ and the other half with Ti
4+
, which is a Jahn-Teller inactive cation, might partly obscure the distortion. Although Yamanaka et al. (2009) , the bond distance and bond angles in the TO 4 tetrahedron shown in Table 4 suggest that the Jahn-Teller effect at T Fe 2+ is fairly small. In the case of ulvöspinel, the compressed MO 6 may be due to the electrostatic repulsion between oxygen ions and the 3d x 2 -y 2 orbital of Fe
2+
, but further work is needed to clarify this point.
implicAtions
The mantle transition zone in the Earth is an anomalous region between about 400 and 750 km depth in which density and seismic velocities increase much more steeply than in the surrounding mantle, with particularly sharp changes noted near depths of 410, 520, and 660 km. The 660 km seismic discontinuity divides the upper and lower mantle, and is usually attributed to the postspinel transition boundary where ringwoodite with spinel-type structure decomposes to Mg-perovskite and ferropericlase in a peridotite mantle composition. Seismological studies, however, suggest that its depth varies considerably in different regions (e.g., Petersen et al. 1993; Flanagan and Shearer 1998; Helffrich 2000; Li and Yuan 2003; Hetényi et al. 2009; Wang and Niu 2010; Cornwell et al. 2011) . One of the effects proposed to explain these seismic observations is chemical heterogeneity within the mantle (Rigden et al. 1991; Gu et al. 1998; Cornwell et al. 2011; Schmerr and Thomas 2011) . Spinels crystallize over a wide range of conditions from mafic and ultramafic magma, and also exhibit a wide range of solid solution. Among the spinels, chromite is usually one of the first phases to crystallize from mafic-ultramafic magmas and is a powerful petrological and geodynamic indicator (irvine 1965 , 1967 Dick and Bullen 1984; Sack and Ghiorso 1991a; Barnes and Roeder 2001 (Sack and Ghiorso 1991b; Ghiorso and Sack 1995) . With increasing pressure, in the spinel structure the geometry of the coordinated oxygen ions approaches a regular octahedron, which leads to an increase in electrostatic repulsion between the coordinating oxygen ligands and a central Jahn-Teller active cation. Therefore, the Cu 2+ and Fe 2+ cations, potentially having the Jahn-Teller effect, are predicted to distort, which can lead to tetragonally distorteded structures with pressure. The Earth's upper mantle contains both ferric and ferrous irons but ferrous iron is by far the more dominant species (e.g., Canil and O'Neill 1996; Woodland and Koch 2003; McCammon and Kopylova 2004; Frost and McCammon 2008) . The acoustic properties of spinels containing Fe 2+ will vary with crystal structure, and it is therefore expected that the cubic and tetragonal phases of Fe-containing spinels differ in their acoustic properties. By including the effects of the Jahn-Teller distortion in models of mantle heterogeneity, the correspondence between models of mantle dynamics and observations from seismic tomography could potentially be improved.
